A new approach to assess the mean changes in intracellular free calcium [Ca2+ li directly from the cortex in situ is described along with the [Ca2+1 changes during nitrogen anoxia. Following incision of the dura and part of the pia-arachnoid membrane, quin2 acetoxy methyl ester, 100 J.1M in artificial CSF, was superfused for 60 min onto the cat cortex. A small cortical area was irradiated with ultraviolet rays (350/30 nm) and the changes in the fluorescence and reflectance were re corded microfluorometrically at 506 and 366 nm, respec tively. The net change in the quin2-Ca2+ fluorescence was calculated after correction for the hemodynamic artiMany important cellular processes in the brain, such as the regulation of enzymes and metabolism (Walaas and Nairn, 1985) , the synthesis and release of neurotransmitters (Katz and Miledi, 1970) , and the responses of vascular smooth muscle (Bolton, 1979) , have been shown to be mediated by changes in the cytosolic free calcium concentration ([Ca2+]J This concentration is precisely regulated within specific limits under a variety of conditions in order to maintain proper cellular function. The extracellular free calcium concentration is in the millimolar range and � 104 times higher than the in tracellular concentration. Recently, calcium has be come a focus of attention due to its possible role in mediating anoxic or ischemic cell injury (Farber, 
Many important cellular processes in the brain, such as the regulation of enzymes and metabolism (Walaas and Nairn, 1985) , the synthesis and release of neurotransmitters (Katz and Miledi, 1970) , and the responses of vascular smooth muscle (Bolton, 1979) , have been shown to be mediated by changes in the cytosolic free calcium concentration ([Ca2+] J This concentration is precisely regulated within specific limits under a variety of conditions in order to maintain proper cellular function. The extracellular free calcium concentration is in the millimolar range and � 104 times higher than the in tracellular concentration. Recently, calcium has be come a focus of attention due to its possible role in mediating anoxic or ischemic cell injury (Farber, fact and subtraction of the basal NADH change. The quin2-Ca2+ fluorescence began to increase significantly (48.0 ± 13.4 units; p < 0.05) 20 s prior to the isoelectric electrocorticogram (ECoG) and remained elevated during nitrogen anoxia. It decreased steeply 7.3 ± 1.7 s prior to the recovery of the ECoG activity after the animal was reoxygenated. Thus, the changes in the intracellular free calcium preceded those of the ECoG during a reversible anoxic insult, suggesting that the increase in the [Ca2+l i might be related to the electrical failure during anoxia. Key Words: Anoxia-Cortex-Cytosolic free calcium 1981; Siesjo, 1981; Cheung et aI., 1986) . The in crease in [Ca2+]j may trigger catastrophic enzy matic processes leading to irreversible cell damage. There have been several lines of evidence to indi cate that calcium is accumulated in anoxic and isch emic tissue (Van Reempts, 1984) although the causal relationship remains uncertain. In most of the previous studies, the calcium accumulation has been assessed by in vitro histochemistry (Ross mann et aI., 1985) or estimated from total tissue cal cium content by the atomic absorption technique (Deshpande et aI., 1987) . Extracellular calcium concentration has also been measured by the Ca2+ selective electrode (Nicholson et aI., 1977) . No good correlation exists, however, between the [Ca2+]j and total cell calcium content owing most likely to the ability of the intracellular organelles such as the endoplasmic reticulum and mitochon dria to sequester the calcium. To clarify the mecha nisms of calcium-related cell injury, it is necessary to measure changes in the [Ca2+]j during an anoxic or ischemic insult. Recently, calcium-sensitive fluo rescent dyes such as quin2, fura2, and indol have been developed (Tsien et aI., 1982; Grynkiewicz et al., 1985) and used primarily for measurement of the [Ca2+]j from isolated cells. The present study is designed to assess mean changes in the cytosolic free calcium from the cat brain cortex in situ by using an in vivo fluorometric technique with quin2. We have investigated the possible role of calcium in the electrical failure seen in the EEG during revers ible anoxia.
METHODS

Animal preparation
Adult male cats weighing 2.5-3.6 kg were anesthetized by an intraperitoneal injection of sodium pentobarbital (40 mg/kg). The animals were tracheotomized, and respi ration was controlled within physiological limits using a respirator (Harvard 662) after immobilization with 5 mg/kg of gallamine triethiodide (Flaxedil; American Cyanamid). Polyethylene catheters were inserted into both femoral arteries and one femoral vein for monitoring arterial blood pressure (BP), analyzing arterial blood gases (pH, Pc0 2 , and Po 2 ), and administration of drugs. The left lingual artery was cannulated so that cerebrovas cular hemodilution could be induced by small injections of saline. The rectal temperature was maintained at 3rC by means of a thermostatically controlled heating lamp. After the head of the animal was fixed in a stereotaxic head holder, the scalp was incised along the midline and the temporal muscles were reflected laterally to expose the skull. A burr hole 13 mm in diameter was drilled over the left middle ectosylvian gyrus and the dura and part of the pia-arachnoid were incised microsurgically to expose the cortical surface. A quartz cranial window equipped with silver EEG electrodes and inlet-outlet tubing was at tached to the burr hole and sealed with dental cement. The space beneath the quartz window was fully filled and superfused continuously during the fluorescence mea surement with artificial CSF of the following composition and pH: Na 140 mM, K 2.5 mM, Cl 130 mM, Ca 1.5 mM, HC03 14.5 mM, N-2-hydroxyethylpiperazine-N' -2-eth anesulfonic acid (HEPES) 10 mM, pH 7.35 at 37°C.
Quin2 loading
CSF containing 100 f.lM quin2 acetoxymethyl ester (quin2-AM) (Sigma) at a temperature of 3rC was super fused continuously over the cortical surface for 60 min. The lipophilic and membrane-permeant quin2-AM dye diffuses into the neuronal cells and is hydrolyzed by the action of cytoplasmic esterase to the membrane-imper meant quin2, which is trapped in the cells as a specific Ca2+ indicator. Since the binding of Ca2+ to quin2 en hances its fluorescence, this substance is a useful mon itor of [Ca2+t (Tsien et aI., 1982) . After the loading pro cedure, the cortical surface was superfused with CSF (without quin2-AM) at a rate of 3 mllmin for 30 min to wash out the remaining extracellular dye. The absence of dye in the final rinse from the outlet port of the cranial window was confirmed with a spectrophotometer (Perkin-Elmer 650-lOs). The depth of dye loading was es timated by the following procedure. The brain was frozen in situ by pouring liquid nitrogen into a styrofoam cup placed over the exposed cortex in a separate series of three animals. After 10 min, the animal was killed and the J Cereb Blood Flow Metab, Vol. 8, No.3, 1988 frozen brain was removed and cut coronally into two pieces at the level of the cranial window. These blocks were sectioned (20 f.lm) in a cryostat (-20°C) and the frozen sections were examined for the depth of dye pene tration using a fluorescence microscope (Zeiss) with ap propriate excitation filter.
Fluorescence measurements
Changes in cerebrocortical quin2-Ca2+ fluorescence, NADH fluorescence, and local cortical blood volume (LCBV) were measured by using a microfluororeflec tometer originally developed by Chance et al. (1962) and J6bsis et al. (197 1) . A 100-W mercury arc lamp (Osram, Germany) with a stabilized DC power supply (Ludl Elec tronic Products) was used as a light source. The light was filtered at 350 nm (350/30; To shiba Glass Co.) and focused onto the cortical surface using an Ultropak objective (Leitz). The illuminated area was -2 mm in diameter and carefully selected not to include the large pial vessels. To minimize the photobleaching of quin2-Ca2+ fluorescence and physiological effects of the ultraviolet rays on the mi crocirculation, we used a minimal intensity of the excita tion light for the fluorescence measurement. The emitted fluorescence and reflected ultraviolet light were fed through a two-way quartz fiber bundle to two photomul tipliers (EM!) with appropriate barrier filters. A narrow band pass filter (DF 506/ 14; Omega Optical) with peak transmission corresponding to one of the isosbestic points of the oxygenated and reduced hemoglobin was used for measurement of the quin2-Ca2+ fluorescence. The intensity of the reflected ultraviolet light was moni tored at 366 nm through a narrow band pass filter (Corning 5874). This signal is inversely related to LCBV since the incident light is scattered and absorbed by the red blood cells. This hemodynamic artifact can appreci ably affect the level of quin2-Ca2+ fluorescence as de scribed previously in detail for the measurement of NADH fluorescence (Chance et aI., 1962; J6bsis et aI., 197 1; Kobayashi et aI., 197 1; Harbig et aI., 1976) . Conse quently a correction was made using the hemodilution in duced in the cerebrocortical vasculature by the injection of 0.5 ml saline into the lingual artery over < I s. The correction factor (k) is defined as a ratio of the fluores cence and reflectance changes induced by this hemodilu tion. The corrected fluorescence change (L.CF) was cal culated by electronic subtraction, L.CF = L.F -kL.R, where L.F and L.R are changes in the light intensity re corded at 506 and 366 nm, respectively (Harbig et aI., 1976) . Each channel was calibrated with an electronically generated constant signal that was independent of the input light signal [a lOO-m V change corresponds to a change of 10 arbitrary units (A. U.) in the light signal].
The following parameters were recorded on a six channel Grass polygraph (model 7D): uncorrected fluo rescence, corrected fluorescence, reflectance, BP, and electrocorticogram (ECoG).
Experimental protocol
To estimate the contribution of the NADH fluores cence to the total fluorescence signal recorded at 506 nm, the changes in the NADH fluorescence were measured during a period of pure nitrogen inhalation prior to quin2 loading. The reproducibility of the NADH fluorescence change induced by an identical duration of nitrogen an oxia was examined in six cats, with >40 min of recovery between each anoxic interval. After quin2 loading, the same duration of nitrogen inhalation was repeated in each animal and the net change of the quin2-Ca2+ fluorescence was calculated by subtracting the basal NADH change from the total fluorescence change recorded at 506 nm. The nitrogen inhalation was continued for 120-150 s with 45 ± lOs duration of the isoelectric ECoG in each animal.
The effects of ionomycin (Calbiochem, Behring Diag nostics) and ethyleneglycol-bis-N,N,N' ,N' -tetraacetic acid (EGTA)(Sigma) on the quin2-Ca2+ fluorescence were examined in six cats at the end of each experiment. Ionomycin at two concentrations (500 nM and 2 fLM) and 10 mM EGTA were serially superfused over the cortex at a rate of 0.96 mllmin with a syringe pump (model 355; Sage Instruments). Ionomycin was dissolved in a buffer solution of the following composition and pH: Na 20 mM, K 115 mM, Cl 135 mM, Ca 1.5 mM, Mg 1 mM, 3-(N Morpholino)propanesulfonic acid (MOPS) 10 mM, pH 7.05 at 37°C. EGTA was dissolved in the solution without Ca2+ or MOPS, and its pH was brought up to 8.5 with 20 mM Tr izma base (Sigma).
Statistical analyses were performed using paired t tests and all values are expressed as means + SEM.
RESULTS
The fluorescence photographs of the frozen brain slices with and without quin2 loading show a much
brighter fluorescence in the quin2-loaded brain ( Fig. lA) than in the control (Fig. lB) . The quin2 penetrated to -500 /-Lm, sparing the pial membrane in which esterase activity is quite low. It follows that the fluorescence originated from the first, second, and the superficial portion of the third layer of the cat brain cortex. A representative recording of the 506-nm fluores cence, corrected fluorescence, 366-nm reflectance, BP, and ECoG during 2 min of nitrogen inhalation both before and after the quin2 loading is given in Fig. 2 . Before quin2 loading ( Fig. 2A) , the 506-nm fluorescence as well as the 366-nm reflectance began to decrease shortly (16 s) after the N 2 inhala tion, reflecting an increase in LCBV due to vasodi lation and an increase in BP. Thereafter, the 506-nm fluorescence signal increased, indicating an in crease in the NADH fluorescence, while the 366-nm reflectance continued to gradually decrease. The corrected fluorescence, namely the NADH flu orescence itself, started increasing 16 s after the N 2 inhalation, reaching a maximal level (207 A.U.) at 84 s. It remained elevated until 17 s after the N 2 inhalation was terminated and then it sharply de- 
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Representative recording of 506-nm fluorescence (F), corrected fluorescence (C. F.), 366-nm reflectance (R), blood pres sure (B.P.), and electrocorticogram (ECoG) during a 2-min anoxic insult before (A) and after (8) quin2 loading. The increase in C.F. is greater after quin2 loading than before loading, suggesting that the signal is due to both quin2-Ca2+ fluorescence and NADH fluorescence. Note that the hemodilution curve in channels F and R is not seen in the corrected channel (arrows). The vertical scales are 100 arbitrary units. IP, initiation of isoelectric ECoG.
clined. After quin2 loading (Fig. 2B) , the 506-nm fluorescence signal, which is proportional to both NADH and quin2-Ca2+, exhibited an initial brief decrease, followed by a greater increase than in the control recording. This implies a significant contri bution due to the intracellular quin2-Ca2+ fluores cence. Accordingly, the corrected fluorescence also increased steeply, reaching a maximal level (243 A.U.) 91 s after the initiation of the N 2 inhalation. It remained elevated for 30 s and started declining steeply 14 s after the anoxia was terminated. Elec trical activity in the ECoG reappeared shortly after the steep decrease in corrected fluorescence. The arterial O 2 tension at the end of the N 2 inhalation before and after the quin210ading was 10.8 and 11.2 mm Hg, respectively.
The reproducibility of the NADH fluorescence change at the time of initiation of isoelectric ECoG induced by repeated anoxic insults of the same du ration was characterized in six animals. The repro ducibility coefficient (0.998) shown in Fig. 3 indi cates that an almost identical increase in the NADH fluorescence occurs at the initiation of iso- electric ECoG during the repeated anoxia. Figure 4 demonstrates an example of the corrected channel recordings during repeated exposure to the same anoxic insult (150 s), indicating very similar NADH profiles. Therefore, we have used this initiation of isoelectric ECoG as a standard point for alignment and subtraction of the basal NADH fluorescence change from the total fluorescence change induced by nitrogen anoxia after the quin2 loading. The time course of the net quin2-Ca2+ fluores cence change calculated by subtracting the NADH fluorescence change from the total fluorescence change is shown in Fig. 5 (n = 6) . The quin2-Ca2+ fluorescence increased significantly by 48.0 ± 13.4 A. U. (p < 0.05) at 20 s prior to the initiation of iso electric ECoG and remained increased by 54.5 ± 11.0 A. U. (p < 0.02) at 10 s prior to and by 59.0 ± 7.4 A.U. (p < 0.01) at the initiation of isoelectric ECoG. It remained significantly increased during nitrogen inhalation, but then decreased slightly fol lowing return to room air inhalation although it re mained elevated until 7.3 ± 1.7 s prior to the reap pearance of any continuous ECoG activity, after which it decreased steeply to the control level. The reappearance was preceded by a sharp decline of quin2-Ca2+ fluorescence in all animals. The physio logical data including Pa0 2 , Paco 2 , pH, and plasma glucose values are summarized in Ta ble 1. The de crease in Pao 2 was comparable at the end of each anoxic cycle before and after quin2 loading. mained unchanged. The quin2-Ca2+ fluorescence was gradually quenched (-190 A.D.) by the subse quent continuous superfusion of 10 roM EGTA. The mean corrected fluorescence changes induced by the superfusion of 500 nM and 2 f..L M ionomycin and 10 mM EGTA were 117 ± 17 (n = 5), 203 ± 17 (n 6), and -172 ± 13 (n = 5) A.D., respectively.
DISCUSSION
Although the technique of using Ca2+ -sensitive fluorescent dyes was originally developed for mea surement of the [Ca2+]i from isolated cells (Tsien et aI., 1982) , more recently such dyes have been suc cessfully loaded directly into tissues and organs (Drummond et aI., 1986; Van Adelsberg and AI Awqati, 1986; Himpens and Casteels, 1987) . In this study we have attempted to measure the changes in [Ca2+]i from the cat brain cortex in vivo. There are 14 ± 3 27 ± 3 7.39 ± 0.Q2
Blood samples were taken during the control period and at the end of anoxia before and after quin2 loading. several lines of evidence to indicate the successful loading of quin2 into the brain cortex. First, the flu orescence emitted from the quin2-loaded cortex was higher by 301 ± 29.0 A. U. than the initial au tofluorescence level even after the extracellular dye was washed out. Second, the depth of the dye loading was determined to be �500 f,Lm from direct observation of the frozen brain slice with a fluores cence microscope. Third, the fluorescence changes observed in response to the serial administration of ionomycin and EGTA were as expected, consid ering the known pharmacological actions of these drugs. quently [Ca2+l can change without any change in the total cell calcium. With this method one can assess the mean changes in intracellular calcium in the cortex but cannot identify the cells from which the [Ca2+]j is measured. This limitation exists also with the es tablished fluorometric determination of NADH from the cortex. Although quin2 is loaded as deeply as 500 f,Lm, most of the quin2 fluorescence is de rived from the superficial cortical layers (the first and second layers) owing primarily to the relatively poor transmission of the ultraviolet rays in the tissue. The first cortical layer consists of neuronal elements such as the Cajal-Retzius and other small neurons, the fiber elements, and glial cells (Marin Padilla, 1984) .
Photo bleaching could potentially be a significant factor leading to an underestimation of the increase in quin2-Ca2+ fluorescence in situations of long term measurement. To minimize this effect, a rela tively low intensity of ultraviolet rays is used and the total ultraviolet exposure is kept as short as possible (5-7 min).
It has been reported that the massive Ca2+ influx into the cells occurs concomitantly with the anoxic depolarization in which the overall ionic perme ability of the plasma membrane increases (Nich olson et aI., 1977) . The depolarization of the plasma membrane is usually preceded by 2-5 min by an isoelectric ECoG (Hansen, 1984) . The present re sults, however, indicate that [Ca2+]j has already in creased significantly 20 s prior to the initiation of an isoelectric ECoG. The possible explanations are as follow:
a. Some Ca2 + channels could be opened prior to the depolarization of the plasma membrane. Neu rons have several types of Ca2+ channels with their own unique properties and functions (Miller, 1987) . There exist at least three subtypes of the voltage sensitive Ca2+ channels and the other receptor operated Ca2+ channels. The former channels open or close via changes in membrane potential, whereas the latter channels become permeable in response to neurotransmitters such as nicotinic cholinergic agonists (Adams et aI., 1980) and N methyl-D-aspartate (MacDermott et aI., 1986) . It has been reported that aspartate and glutamate (Hauptman et aI., 1984) as well as dopamine (Saijoh et aI., 1985) are released in the brain under anoxic conditions. Heinemann and Pumain (1980) also re ported that extracellular Ca2+ activity decreases during application of excitatory amino acids to the cat cortex. In addition, the outer layers of the rat cortex show a high density of N-methyl-D-aspartate receptors (Westerberg et aI., 1987) . It is possible, therefore, that the postsynaptic Ca2+ channels may be opened by the action of these transmitters during anoxia.
b. Calcium sequestration by the intracellular or ganelles could be impaired during anoxia. The en doplasmic reticulum can sequester Ca2+ by an AT P-dependent mechanism contributing to the fine adjustment of [Ca2+]j under normal physiological conditions. During anoxia, however, the shortage of ATP might prevent the endoplasmic reticulum from sequestering Ca2+. Furthermore, the endo plasmic reticulum is known to release Ca2+ by the action of inositol 1,4 ,5-triphosphate (Berridge and Irvine, 1984) , which could be produced by several humoral stimuli during anoxia. The mitochondria can also accumulate Ca2+ via an electrophoretic Ca2+ uniporter, which requires energy supplied by the mitochrondrial electrochemical gradient (By grave et aI., 1985) . Gibson et ai. (1987) have sug gested that anoxia reduces the mitochondrial mem brane potential to a greater degree, which impairs the mitochondrial uptake of Ca2+ presynaptically and increases dopamine and glutamate release, leading to an accumulation of Ca2+ postsynapti cally. Cellular acidosis during anoxia may also con tribute to the increase in [Ca2 +]j via the Ca2+ /H + antiporter system in the mitochondria (Meech and Thomas, 1980) . c. The Ca2+ extrusion mechanism of the plasma membrane, such as the Ca2+ /Na + antiport system and/or Ca2+-dependent AT Pase (Ca2+ pump), might be impaired during anoxia. Kass and Lipton (1986) have performed a kinetic analysis of the 45Ca2+ uptake of rat hippocampal slices exposed to anoxia. They have concluded that the Ca2+ accu mulation occurs as a result of inhibition of the AT P dependent Ca2+ pump across the neuronal plasma membrane following a fall in ATP that occurs during anoxia, and is not due to the opening of de polarization-sensitive Ca2+ channels. Each mecha nism described above may be partially involved in the net increase in [Ca2+]j during the early stages of anoxia.
The last question that should be addressed is how an increase in [Ca2+h is linked to the arrest of ECoG activity. The disappearance of electrical ac tivity from the cortex can be explained by a hyper polarization accompanied by a reduction in mem brane resistance due to a selective increase in K + conductance occurring during the early stage of an oxia (Hansen, 1984) . The K+ conductance of the plasma membrane appears to be partially regulated by [Ca2+]j whereby a rise in [Ca2+h opens the Ca2+ -sensitive K + channels (Krnjevic and Lisie wicz, 1972; Meech, 1972) . The early increase in [Ca2+]j seen in this study is consistent with this hy pothesis.
In conclusion, the present study represents a new approach to assess changes in the mean intra cellular free calcium from the cat brain cortex in vivo. This technique has been applied to the study of the causal relationship between the increase in intracellular free calcium and anoxic and/or isch emic cell injury. We have demonstrated that during reversible anoxia, the arrest and recovery of ECoG are preceded by an increase and recovery of intra cellular free calcium, respectively. This observation suggests the possibility that an increase in intracel lular free calcium may play a role in the electrical failure during anoxia.
